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Coherent transport in Nb/δ-doped-GaAs hybrid microstructures
F. Giazotto,∗ P. Pingue, and Fabio Beltram
NEST-INFM & Scuola Normale Superiore, I-56100 Pisa, Italy
Coherent transport in Nb/GaAs superconductor-semiconductor microstructures is presented. The
structures fabrication procedure is based on δ-doped layers grown by molecular-beam-epitaxy near
the GaAs surface, followed by an As cap layer to protect the active semiconductor layers during ex
situ transfer. The superconductor is then sputter deposited in situ after thermal desorption of the
protective layer. Two types of structures in particular will be discussed, i.e., a reference junction and
the engineered one that contains an additional insulating AlGaAs barrier inserted during the growth
in the semiconductor. This latter configuration may give rise to controlled interference effects and
realizes the model introduced by de Gennes and Saint-James in 1963. While both structures show
reflectionless tunneling-dominated transport, only the engineered junction shows additionally a low-
temperature single marked resonance peaks superimposed to the characteristic Andreev-dominated
subgap conductance. The analysis of coherent magnetotransport in both microstructures is suc-
cessfully performed within the random matrix theory of Andreev transport and ballistic effects are
included by directly solving the Bogoliubov-de Gennes equations. The impact of junction morphol-
ogy on reflectionless tunneling and the application of the employed fabrication technique to the
realization of complex semiconductor-superconductor systems are furthermore discussed.
I. INTRODUCTION
Heterostructures represent nowadays the most dy-
namic and rapidly growing field of semiconductor re-
search. This success derives in particular from the great
freedom they offer in the design of material energy-band
diagram. With respect to bulk structures these addi-
tional possibilities come from the addition of two basic
elements: the opaque barrier, exploited to realize quan-
tum well and other reduced-dimensionality systems, hot-
electron injectors and several heterojunction transistors,
and the thin barrier, exploited to obtain the tunnel ef-
fect (both resonant and non resonant), and superlattices.
The present work experimentally addresses the addition
a a further element, i.e., the superconducting barrier (S).
This allows the introduction of an entirely new effect in
the physics of the heterostructures, i.e., the Andreev re-
flection [1]. This process allows the control of the nature
and the phase of quasi-particles in the heterostructure:
an electron injected from the normal region (N), in the
present case a degenerate semiconductor (Sm), with en-
ergy lower than the superconducting gap ∆ can not prop-
agate as a single particle in the superconductor but can
be reflected as a phase-matched hole in the Fermi sea of
the N region, while at the same time a Cooper pair is
transmitted in the superconductor. The reflected quasi-
particle phase is controlled by the superconductor con-
densate. All this has to be contrasted to normal reflection
present also in non-superconducting heterostructures.
Thanks to Andreev reflection, dissipative currents in
the normal portion of the structure are converted in
dissipationless supercurrents inside the superconductor,
thus allowing electric transport through the whole sys-
tem. Moreover, due to its two-particle nature, Andreev
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reflection is strongly affected by the NS interface trans-
missivity. High transparency is therefore required to ob-
serve this effect and of the associated coherent phenom-
ena. The art of controlling the interface quality, in par-
ticular in the case of hybrid SmS microstructures, is still
nowadays a challenging task and much effort has to be
devoted to its optimization [2]. Achieving high interface
transparency in SmS contacts, however, is hindered by
the presence of interface oxide layers and Schottky barri-
ers, and by the difference in Fermi velocities in the S and
Sm layers [3]. In order to avoid Schottky barrier forma-
tion, several authors have chosen InAs for the realization
of hybrid devices. The main transparency-limiting fac-
tor in this case is interface oxidation/contamination and
several methods have been explored to limit its impact
[4, 5, 6]. InAs, however, is not the Sm of choice for
heterostructure growth and GaAs- or InP-based systems
are much more widespread and versatile. For these lat-
ter materials Schottky barriers are the dominant factor
in limiting transparency.
In this paper we shall focus on some experimental re-
sults obtained on Nb/δ-doped-GaAs hybrid microstruc-
tures fabricated with a versatile and reproducible tech-
nique. GaAs is, after Si, probably the most widespread
semiconductor material and at the basis of a well de-
veloped nanotechnology. Its main peculiarities are a
low effective mass value (m∗ ≃ 0.067me) that favours
high bulk mobilities, and the feature that a replacement
of part or all of the Ga atoms by Al atoms causes a
negligible change in its lattice constant. This leads to
GaAs/AlGaAs interfaces with highly reduced defect den-
sities and in nearly perfect barriers for electron confine-
ment. The resulting two-dimensional electron gas may
yield mean free path of several tens of microns, making
the GaAs/AlGaAs system the best candidate for the real-
ization of non-superconducting nanostructures in the bal-
listic limit. These remarkable peculiarities, however, can
not easily be exploited for SmS applications due to the
2already mentioned presence of the Schottky barrier that
may strongly hinder the manifestation of Andreev reflec-
tion. Nevertheless, GaAs can still be employed with su-
perconductors by heavily doping the semiconductor sur-
face layers in order to achieve high interface transmissiv-
ity (this technique is commonly referred to as δ-doping
technique) [7, 8]. This is indeed a practical and effec-
tive way to use GaAs in the contest of SmS structures
avoiding annealed superconducting contacts [9, 10], and
will be demonstrated in the following. More in particular,
we shall examine two Nb/δ-doped-GaAs microstructures,
that will be referred to as the SN reference [11] and the
SNIN engineered [12] structure. The latter differs from
the reference junction for the additional presence of an
Al0.3Ga0.7As barrier inserted during the growth process.
The paper is organized as follows. In Section II we shall
describe the structures characteristics and some details
of the employed fabrication technique. The electrical be-
havior of the SN reference junctions will be addressed
in Section III, where we will demonstrate the obser-
vation of reflectionless tunneling(RT)-dominated trans-
port. Such results will be discussed within a random ma-
trix approach. We shall report here the effectiveness of
the employed fabrication protocol for the implementation
of more complicated systems, i.e., the SNIN engineered
junctions. In Section IV we shall present the experimen-
tal evidence in these latter structures of resonant states
induced by the presence of the AlGaAs insulating barrier.
The observed behavior is of the de Gennes-Saint-James
type and reveals how it is possible to tailor these semi-
conductor heterostructures in order to observe coherent
transport effects. The electrical behavior of these junc-
tions will be described within a random matrix formal-
ism and ballistic effects will be included directly solving
the Bogoliubov-de Gennes equations in a model poten-
tial profile. Our description of the system is confirmed
by the observed temperature and magnetic-field depen-
dence. The conclusions and some additional remarks will
be given in Section V.
II. SAMPLES FABRICATION AND
EXPERIMENTAL DETAILS
For the semiconducting portion of the SN reference
structure (see Fig. 1(a)), a 200-nm thick n-GaAs(001)
epilayer (nominal Si doping n=4.7×1018 cm−3) was ini-
tially grown by molecular beam epitaxy (MBE) on an
undoped GaAs buffer and a semi-insulating GaAs(001)
wafer. This was followed by the growth of 15 nm of
GaAs doped by a sequence of five δ layers (nominal Si
concentration 3 × 1013 cm−2 per layer) spaced by 2.5
nm. The semiconductor portion of the SNIN engineered
structure (see Fig. 1(b)), instead, consists of a 1 µm
thick n-GaAs(001) buffer layer Si-doped nominally at
n = 2 × 1018 cm−3 grown by MBE on a n-GaAs(001)
substrate, followed by a 4 nm thick Al0.3Ga0.7As bar-
rier. This was followed by the growth of a 12 nm thick
FIG. 1: Schematic cross section of the semiconductor het-
erostructures studied in this work: (a) the SN reference and
(b) the SNIN engineered structure. (c) RHEED pattern im-
age of one of the decapped samples just before the deposition
of Nb. This pattern was recorded at 10 KeV and at a cur-
rent of 1.4 A. (d) Scanning electron micrograph of one of the
measured devices
GaAs(001) epilayer Si-doped at n = 2×1018 cm−3 and by
14 nm of GaAs doped by a sequence of six Si δ-doped lay-
ers spaced by 2 nm. The thickness of the GaAs epilayer
sandwiched between the superconductor and the AlGaAs
barrier was selected in order to have an experimentally-
accessible single quasi-bound state below the supercon-
ductive gap, and the Si δ-doped layers at the Nb/GaAs
interface were employed to achieve the required transmis-
sivity. A similar doping scheme was successfully used by
Taboryski and co-workers to lower the contact resistance
in fully-MBE-grown Al/GaAs(001) junctions [8]. The
choice of in-situ junction formation, however, severely
limits the superconductor materials usable. In our case,
on the contrary, following the growth of the top δ-doped
GaAs layer, a 1-µm-thick amorphous As cap layer was
deposited at -20◦C on both structures to protect the
surface during transfer in air to an ultra-high-vacuum
(UHV) sputter-deposition/surface analysis system (the
typical base pressure of the UHV fabrication system is
about 1.2×10−10 Torr). The samples where then heated
at about 400◦C to desorb the cap layer in order to achieve
a sharp GaAs(001) 2× 4 reflection-high-energy-electron-
diffraction (RHEED) pattern. An example of the cor-
responding RHEED pattern image obtained on the SN
reference structure is shown in Fig. 1(c). The RHEED
pattern of the SNIN engineered junction appeared quite
similar. Nb overlayers 100-nm-thick were fabricated in
3situ by dc-magnetron sputter-deposition at a deposition
rate of 3.5 nm/s. Moreover, substrate temperature dur-
ing Nb deposition was kept at ≈ 200 ◦C to promote film
adhesion. Typical 100-nm-thick Nb films displayed a
transition temperature Tc of 9.28K and a residual re-
sistivity ratio at 10 K (RRR10) as high as 60 (data not
shown).
Rectangular 100×160µm2 Nb/GaAs junctions were
patterned by standard photolithographic techniques and
reactive ion etching (RIE) using a CF4+O2 gas mixture.
Two additional 90×45µm2 Ti/Au bonding pads were e-
beam evaporated on top of each Nb contact to allow 4-
wire measurements (Figure 1(d) shows the scanning elec-
tron micrograph of one of the measured devices). In the
case of SN reference junctions, the electrical characteriza-
tions were performed with two leads on the Nb electrode
under interest and the other two connected to two sep-
arate neighboring contacts located symmetrically with
respect to the junction considered. In this way our con-
ductivity data reflect only the junction properties with no
influence from the series resistance of the semiconductor
film. We have also experimentally determined the influ-
ence of the leakage paths around the contacts by remov-
ing the semiconductor layer above and below the contact
strip (“contact-end test structure” [13]). The correction
to the contact resistance appeared to be negligible on
the scale relevant to the experiment. For what concerns
SNIN devices, differently, 4-wire measurements were per-
formed with two leads on the junction under study and
the other two connected to the sample back contact, thus
allowing to probe the vertical transport characteristic in-
trinsic to the structure.
Magnetoconductance measurements of the junctions
were performed in a closed-cycle 3He cryostat equipped
with a superconducting magnet from 0.3 K to tem-
peratures larger than Tc, and current-driven measure-
ments were performed employing a high-resolution cur-
rent source. Furthermore, in order to preserve any sharp
features in the junction characteristics, special care was
taken in data acquisition using low measurements speed
and small current stepwidths.
III. SN REFERENCE JUNCTIONS:
REFLECTIONLESS TUNNELING-DOMINATED
TRANSPORT
In order to determine carrier concentration and Hall
mobility of the SN reference structure a portion of the
semiconductor was not Nb coated and, following As
desorption, it was patterned into Hall bars by remov-
ing the entire epilayer. At 0.34K we obtained n =
3.1 × 1018 cm−3 and µ = 1.6 × 103 cm2/V s. From
these values it was possible to estimate electron mean
free path (ℓ ≈ 50 nm) and thermal coherence length at
T =0.34K, ξT (T ) =
√
~D/2πkBT ≈ 0.21µm, where
D = 1.2 × 102 cm2/s is the three-dimensional diffusion
constant. Additionally, the single-particle phase coher-
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FIG. 2: (a) Differential conductance vs voltage at several tem-
peratures and no applied magnetic field. From bottom to top,
the conductance spectra were recorded at 0.34, 0.50, 0.60,
0.70, 0.80, 0.90, 1.00 K. The inset shows the conductance at
0.34 K in a wider bias range. The reflectionless tunneling en-
hancement of the conductivity appears as a peak around zero
bias. (b) Temperature dependence of the zero-bias differential
conductance that shows the extreme sensitivity to tempera-
ture of the reflectionless tunneling peak. (c)Temperature de-
pendence of the normalized zero-bias differential conductance
up to Nb critical temperature. In (b) and (c) dashed lines are
guides for the eye.
ence length, ℓφ ≤ 1µm, was also estimated from weak
localization magnetoresistance measurements, following
Ref. [14].
Figure 2(a) shows a typical set of differential-
conductance vs bias characteristics (G(V )) of one of the
junctions measured at various temperatures in the 0.34 -
1.00K temperature range. The symmetry of the charac-
teristics together with the large value of the conductivity
at low bias at the lowest temperatures are a clear in-
dication of the transparency of the Nb/GaAs junctions
fabricated (see also the inset of Fig. 2(a) where the con-
ductance spectrum at 0.34K up to biases well above the
superconducting energy gap is plotted). The fabrica-
tion procedure adopted yielded an excellent contact-to-
contact uniformity leading to G(V ) characteristics repro-
ducible within few % in all the junctions measured. The
data display the typical behavior of a diffusive non-tunnel
SmS junction. In particular, at the lowest temperatures
measured, a marked peak is observed in the differential
conductance spectrum at zero bias. As we shall argue,
this is the direct manifestation of reflectionless tunnel-
ing (RT) [7, 15, 16]; RT is indeed known to be due
to constructive interference of quasiparticles coherently
backscattered withing the diffusive region towards the
SmS interface barrier [17]. This effect gives rise to a siz-
able enhancement of conductivity around zero-bias, and
its coherent nature makes it very sensitive to electric and
magnetic fields and to the temperature. Furthermore, it
will be very useful for the analysis of the junction prop-
erties. In fact it is not straightforward to obtain reliable
junction parameters by studying the Andreev pattern in
diffusive junctions [18, 19]. On the contrary, when one
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FIG. 3: Differential conductance vs voltage at 0.34 K for var-
ious magnetic field values. (a) Magnetic field applied in the
plane of the junctions; from top to bottom, data were recorded
at 0, 2, 3, 4, 5, 6, 7, 8, 10, 16, 30, 100 mT. (b) Magnetic field
applied perpendicularly to the junction plane; from bottom
to top, data were recorded at 0, 1, 2, 3, 4, 5, 6, 7, 8 mT. In
this case, the conductance behavior is to be ascribed to the
appearance of fluxons in the mixed state of Nb.
such zero-bias conductance peak (ZBCP) is observed in
these systems, much information can be obtained by ex-
amining its intensity and its temperature and magnetic-
field dependence [15, 16]. The temperature dependence
of the RT zero-bias enhancement is shown for clarity in
Fig. 2(b), while Figure 2(c) shows the normalized zero-
bias conductance dependence (RN = 11.9 Ω is the junc-
tion normal state resistance) in the whole temperature
range up to Nb critical temperature. With the exception
of the low temperature range, where the RT enhance-
ment persists, this behavior is that one expected for a
junction in the diffusive regime.
The electrical properties of our junctions can be ana-
lyzed within the random matrix theory of phase-coherent
Andreev reflection proposed by Beenakker [20]. He stud-
ied a model-junction consisting of a normal and a su-
perconductor reservoirs linked by a disordered normal-
metal region of length L and width W . Between this
disordered region and the superconductor reservoir the
model-system includes a potential barrier characterized
by a mode-independent transmission probability (Γ). In
this system, under appropriate conditions an enhanced
conductivity around zero bias was predicted to occur
with respect to the classical Andreev reflection behav-
ior leading to a ZBCP. The width of the latter (i.e. the
bias voltage at which the RT correction to the conductiv-
ity vanishes) is given by Vc = (π/2)~vF ℓ/eL
2, where vF
is the Fermi velocity in the normal region. Furthermore,
upon application of a magnetic field ZBCP is suppressed
for field intensities larger than Bc = h/eLW . In real
systems, at finite temperatures, L and W are to be re-
placed by ξT (T ), if it is smaller [15, 16]. In order to
analyze our data within this model, we can first of all
determine the experimental value of Vc by examining the
data in Fig. 3(a) where the evolution of the ZBCP is well
displayed thanks to the limited influence of the in-plane
magnetic field on the classical conductivity. The RT cor-
rection persists up to about Vc ≈ 0.6mV corresponding
to a characteristic length L ≈ 0.25µm. As predicted in
Refs. [15, 16] , this value is in good agreement with the
estimated thermal coherence length at the same temper-
ature.
Further insight on the interference effects leading to
RT can be gained observing the magnetic-field depen-
dence of the ZBCP. Figure 3 shows a set of G(V )’s at
T = 0.34K for several magnetic fields applied (a) in the
plane of and (b) perpendicularly to the plane of the junc-
tion. At relatively weak magnetic fields ∼mT the peak is
suppressed and the subgap conductance dip shrinks due
to the magnetic-field-induced suppression of the super-
conductor energy gap ∆. At higher values of the applied
magnetic field the overall subgap conductance increases
approaching its normal-state value (data are not shown
for clarity). From the in-plane-field data, we can deter-
mine with good accuracy the experimental critical mag-
netic field Bc ≈ 100mT corresponding to RT suppres-
sion and to the minimum measured value of the zero-bias
conductivity. This value is in good agreement with the
expected theoretical value Bc ≈ 80mT obtained from
the estimated thermal coherence length at T = 0.34 K,
ξT ≈ 0.21µm, confirming the physical origin of the ob-
served conductance behavior.
It is interesting to compare the conductance behavior
caused by different field orientations. For perpendicular
fields the overall subgap conductance increases at much
smaller fields as compared to the in-plane configuration.
We attribute this effect to the type-II nature of Nb and to
the consequent appearance of vortices in the mixed state.
The presence of these normal regions within the junction
leads to increased subgap conductance due to the lower
resistance of the normal vortex region with respect to
the superconducting portions. A similar behavior was
also observed by Quirion and co-workers [21] in planar
TiN-Si junctions. A quantitative estimate of the normal-
zone contribution to the conductivity is however hindered
by the uncertainty about the effective junction area con-
tributing to the transport. We should like to stress the
importance of careful analysis of the in-plane field curves
for a quantitative determination of the RT correction to
zero-bias classical conductivity without any empirical ex-
trapolation. The quantitative analysis of the ZBCP in-
tensity, within the model adopted so far can yield an
estimate of the junction transmission probability (Γ).
However, the transmissivity calculated from the ratio be-
tween the resistance values taking into account the phase-
coherent AR and the classical behavior for SN systems
are incompatible with the phenomenology observed. In
fact, for our junction properties (L >> ℓ), the observed
phenomenology (i.e. increased conductance at zero bias)
is expected for Γ ≤ 0.4 while the above procedure leads
to significantly higher values. This deviation in the ob-
served intensity of the ZBCP must be linked to a signif-
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FIG. 4: (a) Sketch of the energy-band diagram of the
Nb/GaAs/AlGaAs/GaAs SNIN engineered structure. The
shaded area represents a de Gennes-Saint-James quasi-bound
state confined between the superconductor and the AlGaAs
barrier. Differential conductance vs voltage at 0.34 K for the
engineered SNIN junction, (b), and for the reference SN junc-
tion, (c). Both curves show reflectionless tunneling enhance-
ment around zero bias, while only in (b) (marked by arrows)
a finite-bias, subgap de Gennes-Saint-James peak is present.
icant suppression of the RT-induced enhancement of the
conductivity. We believe that this effect stems from junc-
tion inhomogeneities. Several authors have reported that
only a very small fraction (10−2–10−4) of the junction
physical area determines the transport properties of large
diffusive contacts [2, 7, 9, 22]. Additionally, the very
good contact-to-contact uniformity we observed indicates
that the lateral scale of the higher-transparency regions
must occur on an even smaller characteristic length. This
peculiar junction morphology leads to a drastic reduc-
tion in the number of the reflectionless paths available
for ZBCP build-up and to the observed suppression of
the ZBCP intensity.
IV. SNIN ENGINEERED JUNCTIONS: DE
GENNES-SAINT-JAMES RESONANT
TRANSPORT
In Section III we demonstrated the impact of scattering
centers in the normal region on electron transport. These
can indeed significantly affect junction properties leading
to marked coherent-transport phenomena such as the ob-
served RT in SN reference junctions. One particularly in-
teresting case is that of a single scatterer represented by
an insulating barrier (I) inserted in the structure during
growth in the normal region. This configuration can give
rise to controlled interference effects. Among these, one
of the most intriguing is represented by de Gennes-Saint-
James (dGSJ) resonances [23] in SNIN systems where
the N interlayer is characterized by a constant pair po-
tential. The case of a null pair potential is especially
relevant to the present case. Multiple reflections off the
superconductive gap (i.e. Andreev reflections) and off the
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FIG. 5: (a) Energy-band diagram of the one-dimensional
SNIN ballistic model employed to analyze the experimetal
data (see text). (b) Calculated total transmission coefficient
vs energy at zero temperature for fixed barrier strength and
some N interlayer thicknesses. More subgap quasi-bound
states are allowed incresing such thickness. (c) Calculated
total transmission coefficient vs energy at zero temperature
for fixed N interlayer thickness and various barrier strength
values. Increasing barrier strength yields to longer resonant
states lifetimes.
insulating barrier (i.e. normal reflections) may give rise
to quasi-bound states [23, 24] that manifest themselves
as conductance resonances. Transport resonances linked
to similar multilayer configuration were observed experi-
mentally in all-metal structures [25, 26, 27], thus provid-
ing elegant evidence of quasi-particle coherent dynamics
in SN systems. A qualitative sketch of the energy-band
diagram of our SNIN engineered structure is depicted in
Fig. 4(a).
In Fig. 4 are shown the measured differential conduc-
tance vs bias (G(V )) for the resonant structure (SNIN
engineered junction, (b)) and for the reference junction
(SN structure, (c)) at T = 0.34 K. Comparison of the two
characteristics clearly shows the presence of a marked
subgap conductance peak in the SNIN, resonant device.
The resonance is superimposed to the typical Andreev-
dominated subgap conductance. The symmetry of con-
ductance and the ZBCP peculiar to RT further demon-
strate the effectiveness of the employed fabrication pro-
tocol. Quantitative determination of the resonant trans-
port properties in such a system is not trivial as it can be
inferred by inspecting Fig. 4(a) and considering the dif-
fusive nature of the normal regions. dGSJ-enhancement,
however, is an intrinsically ballistic phenomenon so that
its essential features can be captured with relative ease.
One study particularly relevant for this system was per-
formed in Ref. [24]. In the context of ballistic transport
a one-dimensional SNIN structure (see Fig. 5(a)) was
studied as a function of the N interlayer thickness L and
it was demonstrated that resonances (i.e., quasi-bound
states) can occur in the subgap conductance spectrum
for suitable geometric conditions. The insulating barrier
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FIG. 6: (a) Comparison at 0.34 K between the experimental
differential conductance (solid line) and the numerical sim-
ulation from Eq.1 (dotted line). Differential conductance vs
voltage at several temperatures in the 0.34 to 1.55 K range for
the zero-bias conductance peak, (b), and for the de Gennes-
Saint-James resonance peak, (c). Data were taken at the
following temperatures: (b), from bottom to top, 0.34, 0.45,
0.55, 0.65, 0.75, 0.85, 0.95, 1.05, 1.26, 1.45, 1.50, 1.55 K; (c),
from bottom to top, 0.34, 0.55, 0.65, 0.85, 1.05, 1.26, 1.55 K.
was simulated by a δ-like potential H(x) = HIδ(x + L).
Customarily the barrier strength is described by the di-
mensionless coefficient Z = HI/~vF , where vF is the
electron Fermi velocity [28], and in the following we shall
make use of it to characterize our system. The key-results
of the analysis are: (i) the number of resonances in-
creases for larger thickness L of the metallic interlayer
and is virtually independent of Z; (ii) the energy-width
of such resonances decreases for increasing Z. All this
is better highlighted in Fig. 5(b) and 5(c). Figure
5(b) shows the calculated total transmission coefficient
Γ(ǫ) = [1 + A(ǫ) − B(ǫ)], where A(ǫ) and B(ǫ) are the
energy-dependent Andreev and normal reflection trans-
mission probabilities for the whole SNIN structure ob-
tained through the solution of the Bogoliubov-de Gennes
equations, at T = 0 for Z = 3 and for some values of
the N interlayer thickness L expressed in units of the su-
perconducting coherence length, ξ0 = ~vF /2∆. In these
simulations we used, as an example, parameters typical
for metals, i.e., the Fermi energy µ = 1 meV, the quasi-
particle mass equal to the free electron mass me and
∆ = 10 meV. From this choice follows that ξ0 = 196 A˚.
The subgap resonances reach a transmission value Γ = 2
due to resonant Andreev reflection at the SN interface.
Increasing the N interlayer thickness allows the forma-
tion of more quasi-bound states, like in ordinary normal
resonant tunneling. When the barrier is located at the
SN interface we recover the expected Blonder-Tinkham-
Klapwijk result [28] for an opaque junction. In Fig. 5(c)
is shown the calculated Γ(ǫ) at T = 0 for some values
of barrier strength Z and for fixed L = 5 ξ0. The other
parameters of the simulations are the same as in Fig.
5(b). Increasing Z makes the resonances much more
sharp: indeed it is possible to demonstrate [24] that
the energy width of the resonance, δǫ, is of the order
of δǫ ≃ ~vF /2L(1 + Z2); therefore, incresing the bar-
rier strength, decreases the resonance energy width up
to a monochromatic or fully-bound state in the limit of
infinite barrier. The one-dimensional differential conduc-
tance G(V ) at temperature T can be expressed as [28]
G(V ) = G0
∫
∞
−∞
Γ(ǫ) f20 (ǫ − qV ) e
ǫ−qV
kBT dǫ , (1)
where G0 = q
2/πkBT~, qV is the incoming particle en-
ergy and f0(ǫ) is the equilibrium Fermi distribution func-
tion. This model is rather idealized, but is a useful tool to
grasp the essential features of our system such as number
and position of resonances. We confined our calculation
to the one-dimensional case in light of the results by S.
Chaudhuri and P. F. Bagwell [29], that showed the in-
sensitivity to dimensionality of the essential properties
of transport resonances. These are determined by the
inspection of the G(V ) behavior. In order to apply it we
must first determine parameters such as barrier strength,
electron density and mean free path. Also, any quantita-
tive comparison with experiment requires us to estimate
the sample series resistance, which influences the experi-
mental energy position of the resonance peak. The above
parameters can be obtained from an analysis of the RT-
driven ZBCP and from Hall measurements.
We performed Hall measurements at 1.5 K and ob-
tained carrier density n ≃ 4 × 1018 cm−3 and mobility
µ ≃ 1.5 × 103 cm2/V s. These data allow us to estimate
the thermal coherence length ξT (T ) =
√
~D/2πkBT =
0.13µm/
√
T , where D = 1.34×102 cm2/s is the diffusion
constant, and the electron mean free path ℓ ≈ 48 nm. ℓ
compares favorably with the geometrical constraints of
the structure (as a matter of fact L = 26 nm < ℓ) and
further supports our ballistic analysis. The ZBCP can
be described following the analysis of Refs. [15, 16] and
described in Section III. At 0.34 K, ξT ≈ 0.22µm and
in our junctions we calculate Vc ≃ 200µV. Comparison
with the experimental value V expc ≃ 600µV in Fig. 6(a)
(see solid line), allowed us to estimate the series resis-
tance contribution to the measured conductivity. This
rather large effect stems mainly from the AlGaAs barrier
and the sample back-contact resistance.
Following Eq. 1 we calculated the conductance for the
nominal N-thickness value (L = 26 nm) and Z = 1.4, as
appropriate for the AlGaAs barrier. It is indeed straight-
forward to determine Z ≃ 1.4, taking into account the
Al0.3Ga0.7As/GaAs discontinuity, Fermi energy and bar-
rier thickness. We emphasize, however, that the essential
features such as the number and energy position of the
dGSJ resonances are virtually independent of Z and are
controlled instead by the value of L. Our calculations
yield a single conductance peak at energies correspond-
ing to about 0.8∆. By including the above-determined
series resistance contribution, the resonance peak is po-
sitioned at about 3.5mV (see Fig. 6(a), dotted line, cal-
culated at T = 0.34 K). The corresponding experimental
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FIG. 7: Differential conductance vs voltage at 0.35 K for sev-
eral values of the magnetic field applied in the plane of the
junction. Dependence (a) of the zero-bias conductance peak,
and (b) of the de Gennes-Saint-James resonance peak. In (a)
data were taken in the 0 to 100 mT range with a 4 mT step,
while in (b) at 0, 10, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 100,
150 mT.
value is about 3 mV (solid line in Fig. 6(a)), but the
observed energy difference is well within the uncertainty
resulting from the determination of the series resistance.
The results of our model calculations strongly support
our interpretation of the experimental structure in terms
of dGSJ resonant transport. Previous results on all-metal
films generally showed more complex structures resulting
from several dGSJ peaks, consistent with the wider N-
regions employed and the larger Fermi wave-vector kF
values characteristic of metallic systems. Our calcula-
tions show that for our material system configurations
presenting more than one peak (i.e., more quasi-bound
states) are not experimentally accessible. Indeed, they
show that a second peak occurs for N-region thickness ex-
ceeding 120 nm. This length unfavorably compares with
the available quasi-particle coherence length ξT particu-
larly in light of the known four-traversal requirement for
dGSJ quasi-bound state formation [30].
Ordinary resonant tunneling in the normal double-
barrier potential schematically shown in Fig. 4(a) cannot
explain the observed subgap structure. This is indicated
by the symmetry in the experimental data for positive
and negative bias and is further proven by the temper-
ature and magnetic field dependence of the differential
conductance. Figure 6 shows a set of G(V )s measured
in the 0.34-1.55 K range for the ZBCP, (b), and for the
resonance peak, (c). Both effects show a strong depen-
dence on temperature and at T = 1.55 K are totally
suppressed. This temperature value is within the range
where RT suppression is expected [7, 11, 31, 32]. At
higher temperatures, the conductance in the resonance
region resembles that one of the reference SN junction of
Fig. 4(c). Notably, the ZBCP and the resonance peak
disappear at the same temperature, hence indicating the
coherent nature of the observed effect.
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FIG. 8: Differential conductance vs voltage at 0.36 K for sev-
eral values of the magnetic field in the 0 to 17 mT range ap-
plied perpendicularly to the junction plane. Dependence (a)
of the zero-bias conductance peak, and (b) of the de Gennes-
Saint-James resonance peak. In (a) data were recorded with
a 0.5 mT step, while in (b) with a 1 mT step.
Further confirmation of the nature of the resonance
peak can be gained observing its dependence from the
magnetic field. Figure 7 shows G(V ) at T = 0.35K for
several values of the magnetic field applied in the plane
of the junction for the ZBCP, (a), and for the resonance
peak, (b). The measurements confirm the known sensi-
tivity of ZBCP to the magnetic field [15, 16], and clearly
indicate that the dGSJ resonance is easily suppressed for
critical fields of the order of 100 mT. We also investigated
the perpendicular field configuration (see Fig. 8) for the
ZBCP, (a), and for the resonance peak, (b), and also in
this case the resonance and the ZBCP displayed a sim-
ilar dependence. Such behavior is fully consistent with
dGSJ-related origin but is not compatible with a normal
resonant tunneling description of the data [33]. More-
over, in the perpendicular configuration, the differential
conductance spectra show a behavior similar to that one
reported for the SN reference junctions in Fig. 3(b), i.e.,
the appearance of fluxons in the mixed state of Nb.
V. CONCLUDING REMARKS
In conclusion, we have reported on reflectionless
tunneling-dominated transport in Nb contacts on GaAs
(i.e., in SN reference junctions) and presented an effective
and reproducible fabrication technique. The observed
regime was studied as a function of temperature and
magnetic field. Data were analyzed within the random-
matrix theory of phase-coherent Andreev reflection and
the impact of junction nonuniformity on reflectionless
tunneling was underlined. The fabrication technique pre-
sented is compatible with the most widespread MBE sys-
tems and can be easily exploited for the implementa-
tion of novel hybrid SmS mesoscopic systems by tailoring
8the band-gap profile of the AlGaAs/GaAs heterostruc-
tures on which the Nb film is deposited and patterned.
This was indeed developed in the SNIN engineered junc-
tions, where we experimentally observed de Gennes-
Saint-James resonant states in Nb/GaAs/AlGaAs/GaAs
hybrid microstructures. In these junctions the electric
transport was studied as a function of temperature and
magnetic field and was successfully described within the
ballistic model of Riedel and Bagwell [24]. To the best of
our knowledge this result represents the first demonstra-
tion of de Gennes-Saint-James resonant transport in SmS
hybrid structures and was made possible by the fabrica-
tion procedure adopted in this work. The present results
confirms that the Nb/GaAs/AlGaAs system is a good
candidate for the implementation of complex mesoscopic
structures that can take advantage of the mature AlGaAs
nanofabrication technology. Such structures may repre-
sent ideal prototype systems for the study of coherent
transport and the implementation of novel hybrid de-
vices.
The experimental results reported in this paper high-
light some interesting issues. The first one is related to
the technique that we have adopted and refers in par-
ticular to the high reproducibility of the structures and
to their large homogeneity on the lateral scale. Indeed,
both in Nb/GaAs and Nb/GaAs/AlGaAs/GaAs struc-
tures the behavior was consistently the same for all the
measured junctions. This is intrinsic, we believe, to the
Sm surface treatment before the contact with the super-
conductor. The accurate lattice reconstruction achieved
after the substrate annealing yields highly controlled sur-
face conditions, avoiding those problems encountered in
treating semiconductors with other methods, i.e., typi-
cally with wet or dry etching. Furthermore we would
like to stress that this is a fairly simple technique. Even
the choice of metals to be deposited on the semiconduc-
tor substrate is in principle extremely wide and allows
to test several superconductor combinations. The draw-
back of this method resides in the fact that it can not be
employed in those situation where the semiconducting
active layer is underneath the surface. The exploitation
of high-mobility semiconductor heterostructures is thus
precluded.
Another important point is related to the GaAs sys-
tem that proved to be a good choice for the realization of
hybrid devices. Junctions showed good interface trans-
missivity of the order of Γ = 0.2 ÷ 0.4 and in princi-
ple it should be possible to engineer the GaAs doping
profile in order to further enhance the interface trans-
parency. This represents an interesting issue in order
to establish an optimized protocol for interface trans-
parency in hybrid structures fabricated with such ma-
terial. The combination with AlGaAs revealed the effec-
tiveness of tailoring the structure band profile in order to
explore phase-coherent effects. The flexibility offered by
the GaAs/AlGaAs system seems indeed ideally suited to
design more elaborate heterostructures to probe the ef-
fect of the superconducting state. In light of these results
it seems natural to reckon the possibility of extending this
technique to MBE-grown InAs and In0.77Ga0.23As layers,
where the lack of the Schottky barrier together with low
values of the effective mass as compared to GaAs could in
principle allow more easily the implementation of hybrid
structures in the ballistic transport regime.
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